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TITLE OF THE INVENTION 
HEAT TREATMENT APPARATUS, HEAT TREATMENT METHOD, MEDIUM 
ON WHICH HEAT TREATMENT PROGRAM IS RECORDED, AND STEEL 
PRODUCT 

CROSS-REFERENCE TO RELATED APPLICATIONS 
This is a Continuation Application of PCT 
Application No. PCT/ JP03/04298 , filed April 3, 2003, 
which was not published under PCT Article 21(2) in 
English. 

This application is based upon and claims the 
benefit of priority from prior Japanese Patent 
Applications No. 2002-105408, filed April 8, 2002; 
No. 2002-105409, filed April 8, 2002; No. 2002-113562, 
filed April 16, 2002; and No. 2003-058341, filed 
March 5, 2003, the entire contents of all of which are 
incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a technique in 
which a steel product is heat-treated by using an 
induction heating device. 

2. Description of the Related Art 

In the process of steels, various heat treatments, 
such as quenching, tempering, annealing, or the like, 
are carried out in order to manufacture an even 
stronger and tougher steel product due to the 
characteristics, such as hardness, toughness, and the 
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like, of the steel product which will be a product 
being improved. These heat treatments are generally 
divided into a process of heating and a process of 
cooling. In the heating process thereamong, a 
5 transformation temperature corresponding to a component 

of a steel product is a standard. For example, heating 
must be carried out so that a temperature of a steel 
product is higher than the transformation temperature 
in the case of quenching, and heating must be carried 

10 out so that a temperature of the steel product is lower 

than the transformation temperature in the cases of 
tempering and annealing. 

Therefore, it is necessary to high-accurately heat 
in accordance with a purpose of a heat treatment. 

15 Further, in order to suppress dispersion in the quality 

in the same member, it is necessary to uniformly heat 
over the inside and outside of the steel product. This 
heat treatment method is called a uniform heating. 
Further, because a steel product which is 

20 generally manufactured and to which the heat treatments 

of quenching and tempering are applied, is cooled from, 
mainly, the surface thereof, the hardness in the 
surface tends to be higher than that of the inside. 
Such a steel product having a hardness distribution in 

25 the thickness direction is irresistible for a corrosive 

environment, and it has been clear that, if such 
a steel product is used in the ocean, or for a pipeline 



of petroleum or natural gas, and the like, a stress 
corrosion cracking easily arises. 

Accordingly, there are cases of carrying out 
processing in which a hardness difference between the 
surface layer portion and the inside is made small due 
to the surface layer portion being heated at a high 
temperature. This heat treatment method is called a 
surface layer heating. 

Conventionally, as a heating method for achieving 
these heating conditions, for example, a heat treatment 
technique which is disclosed in Japanese Patent 
Application Laid-Open (JP-A) No. 9-170021, and which 
uses an induction heating device, is known. 

In the disclosed art, an induction heating method 
has been proposed in which a semi-heating step of 
induction-heating at the same frequency as in the 
induction heating at a heating step and with inputted 
electric power being made lower than that at the 
heating step, is provided between the heating step in 
which a temperature of the steel product is risen in an 
induction heater, and a soaking step of heating with a 
frequency being made higher than that of the heating 
step and with inputted electric power being made lower. 

However, it is not efficient because several ten 
minutes are required as a heating time in the art 
disclosed in JP-A No. 9-170021. Further, because a 
frequency of the induction heating device is changed on 



the way of heating of a steel product, it is necessary 
to equip a mechanism of switching a frequency. 
Accordingly, the apparatus is made high-priced, and the 
structure of the apparatus is further made complex. 
Further, in an inputted electric power calculation for 
heating a steel product, an induced current 
distribution at the inside of a steel product, 
releasing of heat by the atmosphere, an efficiency of a 
heating device, specific heat of a steel product, and 
the like which are the factors required for achieving 
an high-accurate temperature control, are not 
considered. 

BRIEF SUMMARY OF THE INVENTION 
An object of the present invention is to provide 
a heat treatment apparatus, a heat treatment method, 
a medium on which a heat treatment program is recorded, 
and a steel product in which a heat treatment, which is 
such that a surface temperature and an internal 
temperature of a steel product are in high-accurate 
agreement with targets, and the steel product has 
target characteristics, can be carried out. 

A heat treatment apparatus in the present 
invention has: a plurality of induction heating devices 
which heat a steel product; a correctional device for 
correcting the steel product; a computing device which 
computes supply predetermined electric power which is 
supplied to the induction heating devices, on the basis 



of a size of the steel product, a conveying speed of 
the steel product, heating target temperatures of the 
steel product, and a predetermined temperature of the 
steel product at the previous stage of the induction 
heating devices; and a power supply unit which supplies 
the supply predetermined electric power computed by the 
computing device to the induction heating devices, 
wherein the computing device computes supply 
predetermined electric power to be supplied to the 
induction heating devices in order to heat the steel 
product so that the steel product has a surface 
temperature equal to or lower than a first target 
temperature while being heated, and a difference 
between a second target temperature and a temperature 
which the steel product has at a predetermined position 
in the thickness direction of the steel product when 
the heating is completed falls within a predetermined 
range, or so that the .steel product has a surface equal 
to or higher than a third target temperature while 
being heated and has a temperature equal to or lower 
than a fourth target temperature at the predetermined 
potion in the thickness direction of the steel product 
when the heating is completed. 

Namely, the heat treatment apparatus can shorten 
a heating time due to the steel product being heated by 
the induction heating device. Further, the heat 
treatment apparatus has the computing device 



calculating electric power of the induction heating 
devices, which is such that a temperature distribution 
at the inside of the steel product becomes a target 
temperature distribution. Accordingly, the structure 
of the apparatus is made simple, and can be structured 
at low cost. Further, in accordance with this 
structure, the uniform heating and the surface layer 
heating serving as the purposes can be high-accurately 
achieved. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING 

FIG. 1 is a side view showing a schematic 
structure of a manufacturing line of a steel product to 
which the present invention is applied; 

FIG. 2 is a side view showing a schematic 
structure of a heat treatment apparatus according to 
a first embodiment of the present invention; 

FIG. 3 is a diagram showing symbols used for 
formulas expressing temperature changes; 

FIG. 4 is a flowchart showing the schematic 
procedure for determining a steel product temperature 
distribution after heating in accordance with heating 
electric power; 

FIG. 5 is a chart showing the schematic flow of 
electric power computing processing for determining 
heating electric power; 

FIG. 6 is a chart showing the schematic flow of 
electric power computing processing for determining 



heating electric power according to other embodiments 
of the present invention; 

FIG. 7 is a block diagram of a system achieving 
a preliminary processing method; 

FIG. 8 is a view showing a correspondence table of 
the size, the conveying speeds, and the number of 
passes of steel products; 

FIG. 9 is a flowchart showing the schematic 
procedures for determining a conveying speed by 
a convergence calculation; 

FIG. 10 is a flowchart showing the procedure for 
determining an influence coefficient when a heating 
start temperature is changed; 

FIG. 11 is a flowchart showing the procedure for 
determining an influence coefficient when a heating 
target temperature is changed; 

FIG. 12 is a diagram showing a structure of 
a system relating to a correction processing method; 

FIG. 13 is a diagram showing a structure of 
a system relating to a combination processing method; 

FIG. 14 is a diagram for explanation of the 
operation of a tracking processing; 

FIG. 15 is a diagram showing a structure of an FF 
control; 

FIG. 16 is a diagram showing a structure of the FF 
control ; 

FIG. 17 is a diagram showing a structure of an FB 
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control ; 

FIG. 18 is a diagram showing a structure of the FB 
control; and 

FIG. 19 is a diagram for explanation of the whole 
5 of a learning function. 

DETAILED DESCRIPTION OF THE INVENTION 
Generally, a steel product is heated in a heating 
furnace, and the temperature thereof is risen to about 
1200°C. Thereafter, the steel product is rolled so as 
10 to be predetermined thickness and width by, usually, 

a plurality of rolling mills. After rolling, the steel 
product which are still at 800°C through 1000°C is 
forcibly cooled by water, or is self-cooled by the 
atmosphere. In accordance with this processing, the 
15 steel product is quenched. In particular, it has been 

clear that the strength and the toughness of a steel 
product can be strengthened due to quick cooling by 
an accelerated cooling device being carried out after 
rolling . 

20 Thereafter, as needed, a heat treatment such as 

tempering, annealing, or the like is carried out again 
in a gas furnace. The steel product to which the heat 
treatment is carried out is cut and shipped. 

FIG. 1 is a side view showing a schematic 

25 structure of a manufacturing line of a steel product 

to which the present invention is applied. The 
manufacturing line is structured from a heating furnace 



2 in which a steel product 1 is heated, a rolling 
mill 3 carrying out rough rolling/finish rolling, 
an accelerated cooling device 4, a correctional 
device 5, induction heating devices 6, and temperature 
detectors 7 measuring a temperature of the steel 
product 1 . 

In this steel product manufacturing line, after 
the rolling process and the cooling process, a camber 
and a curvature of the steel product 1 are corrected by 
using the correctional device 5, and thereafter, the 
tempering processing is carried out by the induction 
heating devices 6 provided on the line. 

In this steel product manufacturing line, the heat 
treatment is carried out by using the induction heating 
devices 6, in place of the heat treatment by gas 
furnaces. Accordingly, because the tempering 
processing can be carried out after quenching 
processing in-line, the efficiency thereof can be 
markedly improved. Further, due to the induction 
heating devices 6 being used, an accuracy of a heating 
temperature can be improved as compared with the case 
of using gas furnaces. Accordingly, it is also 
possible to high-accurately control the temperature 
distribution in the thickness direction. 

In particular, due to quick cooling by the 
accelerated cooling device 4 being carried out after 
rolling, and immediately thereafter, due to a heat 



treatment by the induction heating device 6 being 
carried out, a steel product whose strength and 
toughness are strengthened can be manufactured. 

The induction heating devices 6 must- have the 
ability to be able to heat the steel product 1 to 
a predetermined temperature. However, it is necessary 
to suppress the equipment cost. Therefore, due to the 
steel product 1 being heated by being reciprocated 
through the induction heating devices 6 plural times, 
heating can be carried out by a fewer number of the 
induction heating devices 6. In this case, it is 
necessary to improve a temperature controlling accuracy 
of the steel product 1 while avoiding deteriorating the 
efficiency of the steel product manufacturing line 
including rolling. Accordingly, it is necessary to 
appropriately select the number of reciprocations 
(the number of passes) and a conveying speed. 

Accordingly, when a heat treatment is carried out 
by using the induction heating devices, the following 
points are important. 

<1> Time and the electric energy required for 
heating processing are suppressed to a minimum. 

<2> During heating processing and at the time of 
completing heating processing, heating is carried out 
such that a temperature distribution in the thickness 
direction of the steel product is made to be a desired 
temperature distribution . 



V 
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<3> A conveying speed of the steel product and 
electric powers of the induction heating devices for 
achieving the heat treatments of the above-described 
<1> and <2> are determined. 
5 Accordingly, a heat treatment apparatus according 

to embodiments of the present invention has the 
following functions . 

(1) Setting calculating function 

The conveying speed and electric power for heating 
10 the steel product 1 are determined by one processing 

method among the following three processing methods. 
<1> Preliminary processing method 
In advance, a conveying speed and the number of 
passes are determined in accordance with a 
15 predetermined heating start temperature and a heating 

target temperature of the steel product 1, and electric 
power required for the heating is calculated on the 
basis of the values thereof. The steel product 1 is 
heated by the electric power which is set by the 
20 induction heating device 6 while being conveyed at the 

determined conveying speed. 

<2> Correction processing method 

A temperature before starting of heating the steel 
product 1 is actually measured, and electric power 
25 required for heating is calculated on the basis of the 

actually measured temperature before starting of 
heating and the conveying speed. In this calculation, 
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desired electric power is determined while the 
conveying speed is being corrected as needed. 
<3> Combination method 

This is a method in which the above-described <1> 
5 and <2> are combined. A temperature before starting of 

heating the steel product 1 is actually measured. 
Further, when the actually measured temperature is 
close to the predetermined heating start temperature, 
heating is carried out by the conveying speed and the 

10 electric power which were calculated by the <1> 

Preliminary processing method. When the actually 
measured temperature is different from the 
predetermined temperature, heating is carried out by 
the conveying speed and the electric power which were 

15 determined by the <2> Correction processing method. 

(2) Tracking processing function 

A steel product is divided into imaginary portions 
in the longitudinal direction, and the heating electric 
power which was calculated by the setting calculating 
20 function is set for each imaginary portion, and is 

outputted by an power supply system in accordance with 
conveyance of the steel product. 

(3) Heating electric power correcting function 

A temperature of the steel product 1 is measured by the 
25 temperature detectors 7 provided before and behind the 

induction heating device 6. The heating electric power 
is corrected in accordance with the actually measured 



temperature . A FF (feedforward) control and a FB 
(feedback) control are provided. 

(4) Model learning function 
A heat transfer model of a steel product for 
determining heating electric power, an efficiency 
estimating model by induction heating, a temperature 
falling model at a correctional device, or the like are 
corrected in accordance with the measured temperature. 

Hereinafter, these functions will be described. 

I. Setting calculating function 

First, a method for calculating electric power 
when the heating start temperature and the conveying 
speed of the steel product 1 are provided, will be 
described. 

FIG. 2 is a side view showing a schematic 
structure of a heat treatment apparatus according to 
a first embodiment of the present invention. 

The steel product 1 is heated while being moved in 
the induction heating device 6. The temperature 
detectors 7 detecting a temperature of the steel 
product 1 are provided at the entrances of the 
respective induction heating devices 6. A temperature 
signal obtained at the above-described temperature 
detector 7 is inputted to a control device 10. The 
control device 10 calculates electric power which will 
be supplied to the induction heating device 6 on 
the basis of the temperature or the predetermined 



temperature for heating start, and the conveying speed 
of the steel product 1, and outputs the value to 
a power supply system 12. The power supply system 12 
controls the output of the induction heating device 6 
such that the supplied electric power is made to be the 
value which was provided from the induction heating 
device 6. 

When the steel product 1 is heated by the 
induction heating device 6, because the induced current 
flows intensively on the surface of the steel product, 
the surface is mainly heated. Further, the inside of 
the steel product is heated by, mainly, heat transfer 
from the surface. 

Accordingly, an induced current distribution at 
the inside of the steel product when heating is carried 
out by the induction heating device 6 is determined. 
The current distribution of the inside of the steel 
product is expressed by a depth of penetration. The 
depth of penetration differs in accordance with a 
frequency and a relative permeability, and is expressed 
by formula (1) . 

5 = 5.03 x yjR / (\± x fx) / 100 (1) 
wherein, 5: depth of penetration, R: specific 

resistance, |x: relative permeability, fx: frequency. 

When the depth of penetration 5 is large, induced 

current flows up to the inside of the steel product. 

When the depth of penetration 5 is small, because 



induced current concentrates on the surface, heating as 
well concentrates on the surface, and the inside of the 
steel product is heated by heat conduction from the 
surface- Accordingly, even if the same electric power 
is inputted, a heating temperature of the surface 
varies if the depth of penetration differs. Then, the 
depth of penetration is determined on the basis of 
formula (1), and a current density distribution at 
the inside of the steel product is determined. 
In accordance with the current density distribution, 
heating electric power to the induction heating device 
6 is determined. 

Generally, the relationship between a distance z 
from the surface of the steel product and induced- 
current I(z) at that position is expressed by 
formula (2). a is a constant. 

l(z) = a exp(- z / 8) (2) 
Therefore, a ratio of electric power consumption 
at the position having a distance z from the surface of 
the steel product is expressed by formula (3) . 

E 0 (z) = I(z) 2 / Jl(z) 2 (3) 

Namely, it can be regarded that formula (3) expresses 
the electric power distribution at the time of 
induction heating. 

Next, a temperature change of the steel product 
during heating by using the induction heating device 6 
is expressed by numerical formulas. Formulas (4) 
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through (6) are obtained from difference equations of 
heat conduction. 



10 



15 



20 



25 



+ l ~ x i,j 
dt 

= R 1 + + l ~ 2 *i,j + l + xj_ ly j + 1 + x i + lyj - 2x iy j + xj_ ly j | + ^ 

2 [ h 2 r h 2 J 

(4) 

K = X. / (Cp x p) (5) 
h = t / nb (6) 

wherein, nb: divided number in the thickness 
direction of the steel product, t: thickness of 
the steel product, x i,j : temperature in a thickness 
direction i at a time j (1 < i < nb) , c p : specific 
heat, h: divided width in the thickness direction, 
dt: sampling period, Q]_ : amount of heat added from the 
outside to the steel product, X: thermal conductivity, 
and p: density 

When formula (4) through (6) are rewritten, a 
temperature difference equation in which the steel 
product is divided into three in the thickness 
direction becomes formula (7) . 



K 1 K 

— + — 0 

h2 dt 2h2 

K K [ 1 K_ 

2h 2 h 2 dt 2h 2 

0 - K K ] 1 

2h2 h 2 + dt 



x 3,j + l 
x 2,j + l 

L x i/j+iJ 



1 K 

dt h 2 
K 

2h2 
0 



K 

2h 2 
1 K 

dt h 2 
K 

2h 2 



K 

2h 2 
_1 K 

dt h 2 J 



x 3,j 
x 2,j 



Ql 



(7) 



Ql of formula (4) is formed from heat transfer 
with the atmosphere which is the boundary condition and 
amount of heat supplied from the heating device, and is 
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expressed by formula (8) . 
Ql = Q + pB 0 u b 



(8) 



Q = 



1 ea 



h c 



pP 



1 sa 



h c p p 



(*3,j 4 -T|) + x(x 3/j -T a ) 



(xi,j 4 -T|) + ?l(x lfj -T a ) 



(9) 



B 0 = 



^pP 



E(3) 
E(2) 
E(l) 



(10) 



wherein, u^: amount of heat supplied by heating 
10 device, e: emissivity, a: Stef an-Boltzmann constant, 

p: density, c p : specific heat, P: heating efficiency, 
T a : atmospheric temperature. 

Note that E(i) (i = 1, 3) is a numerical formula 
in which formula (3) is expressed by the difference 
15 equation. 

Here, formula (9) is linearized with respect to 
X-^ j . Given that the temperature of the steel product 
is xq, the terms of x-j_^ in formula (9) are 
approximately linearized, centering around xq by using 
20 up to the first-order term of the tailored expansion. 

The tailored expansion up to the first-order terms is 
expressed by formula (11) . 

£(x) . iko) (x _ xo) o + £l^o) (x _ xo) i 

25 wherein, f ^' (x Q ) ; the linear differential of 

f (x) . 
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Formula (12) is obtained by using formula (11) . 



4j = f (x-x 0 ) + ^(x-x 0 ) 



(12) 



if] 



- 3x$ + 4x^x-L (i j 



(13) 



Accordingly, formula (9) becomes formula (14) 



Q = - 



c p p 



h c 



pP 



4oex^ + X 
0 

4aex^ + X 



x 3,j 



J 



— ae(- 3x$ 
h c p p V 0 

0 



- T: 



h c p p 



ae(- 3x$ - 



l) - 
(14) 



Formula (15) is obtained due to formula (7) being 
arranged by using formula (14) . 



x 3,j + l 




x 3,j 


x 2,j + l 


= A 0 


x 2,j 


x l,j + l 




x l/j 



+ Q + PB 0 u b 



wherein, 



(15) 



E = 



K 
h2 



1 

dt 



K 



2h 2 
0 



K 



2h2 
K , 

h2 + dt 
K 

2h2 



K 



2h2 
K 1 

h2 dt. 



(16) 



A 0 = 



dt 



K 
h2 



1 1 



h c 



pP 



4aex^ + X 



K 
2h2 

0 



K 
2h2 
1 K 
dt h 2 
K 
2h2 



_1_ 
dt 



K 

h2 



0 
K 

f 2h2 



4asxg + X 



(17) 
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Q = - 



1 -±- as(- 3xg _ T 4) _ kTa 
h c p p 

0 

ae(- 3x4 _ T j) _ kTa 



(18) 



h c p p 

Formula (20) is obtained due to the inverse matrix of 
matrix E being multiplied from the left side in 
formula ( 15) . 



= A 



x 3,j + l 
x 2,j + l 
x l,j + l 

x 3,j + l 
x 2,j + l 
x l,j+l 

Wherein, 



A = E-I-Aq 
F = E _1 Q 
B = pE-iBQ 



= E~ 1 A 



x 3,j 
x 2,j 
x l,j 



x 3,j 
x 2,j 



+ E-!q + pE-iBQUb 



(19) 



+ Bu^ + F 



(20) 



(21) 
(22) 



(23) 

Formula (20) is the basic formula of a temperature 
change of a steel product 2. Note that, given that 
Ufc = 0 in this formula, the formula becomes a formula 
expressing a temperature change at the time of the 
process of cooling by the atmosphere. 

Next, a formula expressing the temperature change 
from the position of the temperature detector 7 
disposed before the induction heating device 6 to the 
position of the temperature detector 7 at the exit side 
of the induction heating device, is produced. 



/ 
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FIG. 3 is a diagram showing symbols used for the 
formulas expressing the temperature change. 

The length of each induction heating devices 6 
from the position of the temperature detector 7 
5 disposed before the induction heating device 6 to the 

position of the temperature detector at the exit side 
of the induction heating device 6, is expressed by li, 
and an interval between the induction heating devices 6 
is expressed by si, and the inputted electric power to 
10 each induction heating device 6 is expressed by ui . 

Further, a temperature at the entrance side of the 
induction heating device of the steel product 1 is 
expressed by xq, and the temperature at the exit side 
of the induction heating device is expressed by x*n, 
15 and the temperatures before and behind each induction 

heating device are expressed by x-^ and x'-^. 

Given that the length of the induction heating 
devices is li, and the interval thereof is si, and the 
conveying speed is v, and a number of sampling point in 
20 the difference equation is determined. 

ni = li/ (v X dt) (24) 
mi = si/ (v X dt) (25) 
wherein, dt : sampling time, and ni, mi: number of 
sampling point 

25 Therefore, the temperatures of the respective 

positions when the steel product 2 is sequentially 
heated by the induction heating devices are expressed 
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by formula (26) 





x 3,0 




x 3,ml 


> x 'l = 


x 0 = 


x 2,0 


* X l = 


x 2, ml 




. X l/0. 




_ x l, ml _ 





x 3,ml + nl 
x 2, ml + nl 
x l, ml + nl 



* 

x = 



x 3, mN + nN + • • • + ml + nl 
x 2, mN + nN + --- + ml + nl 
_ x l, mN + nN + • • • + ml + nl _ 



(26) 



The temperature change between the induction 
heating devices, for example, the temperature change 
between xO and xl is expressed by formula (27) . 



X! = A m0 x 0 + 



mO-1 ^ 
k i = l . 



(27) 



Further, the temperature as the result of being 
heated by the first induction heating device, i.e., the 
temperature x' i at the exit side of the induction 
heating device is expressed by formula (28) . 



x l 



1 = A nl X! + 



fnl-1 
li = l 



(F + Bui) 



(28) 



Formula (29) is obtained due to formula (27) being 
substituted for formula (28) . 

rm-i ^ 



xi = A nl + m0 x 0 + A nl 



(mO-1 } 
I i = l 



F + 



Z* 1 

^ i = l 



(F + Bui) 



(29) 



When this calculation is successively repeated, 
the temperature distribution of the steel product 1 at 
the thermometer position at the exit side of the Nth 
induction heating device is expressed as formula (30) . 
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10 



15 



x *j = A mN + nN + --- + ml + nl + mO Xo 

fnl-1 ^ 

+ A mN + nN + --- + ml £ A i ( F + Bul ) 

^i = l > 



+ A mN+nNH — + m2 



fn2-l ^ 
li = l ) 



(F + Bu2) + 



fnN-1 ^ 
I i = l J 



(F + BuN) 



+ A mN+nNH hnl 



fmO-1 > 
I i = l J 



+ A mN+nN+"- + m2 + n2 



fml-1 
LA 1 

I i=i ; 



F + 





^(N-D-l^j 




fniN-1 ^ 


+ A mN+nN 


ZA 1 


F + 


ZAi 




I i = l J 




I i = l J 



(30) 



By arranging this, it becomes the linear 
expressions of U^, t% as formulas (31) and (32) 



x N = X 0 x 0 + Xxui + ••• + X N u N + X Nc 
*N = (*0*0 + X Nc ) + (xi X N ] 



(31) 



(32) 



By using formula (32) , the temperature 
distributions xl, x* after induction heating can be 
determined by a calculation in accordance with the 
heating electric powers u^, Ujsj. 

The calculating method which was described above 
can be achieved in the control device 10. FIG. 4 is 
a flowchart showing the schematic procedure for 
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determining a steel product temperature distribution 
after heating in accordance with heating electric 
power . 

At step Tl, an electric power distribution at the 
5 inside of the steel product which will be heated is 

determined by formula (3) . At step T2, a distribution 
of the amount of heat supplied from the induction 
heating device 6 is determined by formulas (8) through 
(10) on the basis of the electric power distribution. 

10 At step T3, the amount of radiated heat to the 

atmosphere is determined by formula (14) . At step T4, 
coefficients expressed by formulas (21), (22), and (23) 
for determining the temperature change at the inside of 
the steel product are calculated by using these 

15 determined results. 

At step T5, the temperature distribution of the 
steel product 1 is determined in accordance with 
electric power supplied by the induction heating 
device 6 by using the number of the induction heating 

20 devices 6, the length of the device, the interval 

between the devices, and the conveying speed of the 
steel product. At this time, the temperature 
distribution of the steel product 1 may be determined 
due to formulas (27) thorough (30) being applied, and 

25 the temperature distribution of the steel product 1 may 

be determined due to formula (32) being applied. 

Next, a method in which the desired heat treatment 
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is carried out by using the calculating method, i.e., 
the procedure for determining heating electric power, 
which is such that the steel product 1 has the target 
temperature distribution, will be described. The 
5 procedure can be achieved in the control device 10 

having the above-described calculating procedure. 

FIG. 5 is a chart showing the schematic flow of 
electric power computing processing for determining 
heating electric power. 

10 At step SI, appropriate initial value electric 

powers U]_, u^ are determined. At step S2, the 
heating temperature distributions xl, x* at the exit 
side of the induction heating devices are calculated in 
accordance with the above-described calculating 

15 procedure (step Tl through T4) . At step S3, the 

heating temperatures at the respective induction 
heating devices and the temperature condition which is 
a temperature range to be the target are compared with 
each other, and it is judged whether the temperature 

20 condition is satisfied or not. 

In the case of Yes at step S4, i.e., when a 
heating temperature is fit for the temperature 
condition, it is judged that the heating electric power 
is the final heating electric power, and the 

25 calculation is completed. In the case of No at step 

S4, i.e., when a heating temperature is not fit for the 
temperature condition, new induction heating electric 



powers ui, u^ are provided, and redoing of the 
temperature calculation is carried out* 

Provided that the target temperature distribution 
x* at the exit side of the induction heating device is 
provided due to the above-described processing being 
repeatedly carried out, electric powers u^, which 
achieve it can be determined. Note that, as a method 
of providing the new heating electric powers U]_, u^, 
it suffices that a general method such as a linear 
programming, a nonlinear programming, or the like may 
be applied. If the temperature condition can be 
achieved, the solution can be determined by a finite 
number of calculations. 

In the present embodiment, a temperature at the 
inside of the steel product can be calculated by using 
an arbitrary number of induction heating devices. 
Accordingly, it is possible to determine the internal 
temperature of the steel product 1 for each induction 
heating device in the heat treatment line, and to 
determine the internal temperature of the steel product 
1 for every plural induction heating devices as well. 

Accordingly, an electric power setting value in 
which the surface temperature of the steel product 
during the heating is heated so as to be less than or 
equal to the target surface temperature, and a 
temperature at a predetermined position at the inside 
of the steel product at the time of completing heating 



can be controlled so as to be within a predetermined 
range with respect to the target internal temperature, 
i.e., an electric power setting value for uniform 
heating processing, can be determined. 

Further, an electric power setting value in which 
the surface temperature of the steel product during the 
heating is heated so as to be greater than or equal to 
the target surface temperature, and a temperature at a 
predetermined position at the inside of the steel 
product at the time of completing heating can be 
controlled so as to be less than or equal to the target 
internal temperature, i.e., an electric power setting 
value for surface layer heating processing, can be 
determined. 

Next, a heat treatment apparatus of a second 
embodiment will be described. In the present 
embodiment, there is the feature in the point that 
heating electric power, which is such that the electric 
power consumption becomes a minimum is determined in 
the electric power computing processing of the first 
embodiment. Accordingly, because structures other than 
those are the same as those of the first embodiment, 
detailed description thereof will be omitted. 

FIG. 6 is a chart showing the schematic flow of 
electric power computing processing for determining 
heating electric power relating to the second 
embodiment . 
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At step Sll, appropriate initial value electric 
powers ui, u^ are determined. At step S12, the 
heating temperature distributions xl, x* at the exit 
side of the induction heating devices are calculated in 
accordance with the above-described calculating 
procedure of steps Tl through T4 . At step S13, the 
heating temperatures at the respective induction 
heating devices and the temperature condition which is 
a temperature range to be the target are compared with 
each other, and it is judged whether the temperature 
condition is satisfied or not. 

In the case of No at step S14, i.e., when a 
heating temperature is not fit for the temperature 
condition, new induction heating electric powers U]_, 
un are provided, and redoing of the temperature 
calculation is carried out. In the case of Yes at step 
S14, i.e., when a heating temperature is fit for the 
temperature condition, at step S15, a total electric 
power consumption which is the sum of the electric 
power consumption at the respective induction heating 
devices is determined, and it is judged whether the 
total electric power consumption becomes a minimum or 
not. Namely, heating electric power, which is such 
that the total electric power consumption in the 
induction heating devices becomes a minimum, is 
determined. 

In the case of No at step S16, i.e., when it is 
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not fit for the condition in which the total electric 
power consumption is less than or equal to 
a predetermined consumption, new induction heating 
electric powers are provided, and redoing of the 
5 temperature calculation is carried out. In the case of 

Yes at step S16, i.e., when it is fit for the condition 
in which the total electric power consumption is less 
than or equal to a predetermined consumption, it is 
judged that the heating electric power is the final 
10 heating electric power, and the calculation is 

completed. 

The condition that the heating electric power is 
processed so as to be a minimum value is expressed by 
formula (33) . 



15 



N li 



u(i) — —> minimum (33) 



±=i v 

u(i): ith induction heating device heating 
electric power, N: the number of the induction heating 
devices 

20 Namely, u(i) satisfying these conditions is the 

heating electric power whose electric power consumption 
is the least among the electric power settings of the 
uniform heating processing in which the surface 
temperatures of the steel product at all points in time 

25 during the process of heating do not exceed the upper 

limit temperature, and the internal temperature after 
completing the process of heating is heated so as to be 



within an internal temperature target range. 

Further, u(i) is the heating electric power whose 
electric power consumption is the least among 
the electric power settings of the surface layer 
heating processing in which the surface temperatures of 
the steel product at all points in time during the 
process of heating are heated so as to be greater than 
or equal to a target surface temperature, and the 
internal temperature after completing the process of 
heating is heated so as to be less than or equal to the 
target internal temperature. 

Note that, a method of providing the new heating 
electric powers u^, u^, may be a general method such 
as a linear programming, a nonlinear programming, or 
the like. Further, an optimizing method such as a gene 
algorithm or the like may be applied. 

Next, a heat treatment apparatus of a third 
embodiment will be described. In the present 
embodiment, there is the feature in the point that the 
appropriate heating electric power determined in the 
second embodiment is processed by using the nonlinear 
programming with the constraint conditions, such as 
a sequential quadratic programming or the like. 
Accordingly, because structures other than these are 
the same as those of the second embodiment, detailed 
description thereof will be omitted. 

First, heating conditions and the like of the 
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steel product in the first embodiment and the second 
embodiment are expressed by numerical formulas. 

A conditional expression relating to the target 
temperature is expressed by formula (34) and 
5 formula (35) . 

T* - T r = 0 (34) 
T* : central temperature value at the exit side of 
the induction heating device, Tr: central temperature 
10 target value 

Trs " T is > 0 (35) 
Ti s : surface temperature at the exit side of the 
ith induction heating device, T rs : surface temperature 
15 upper limit, wherein, 1 < i < N. 

Because the central temperature is the heating 
target, the central temperature is expressed by the 
condition of the equation. Because the surface 
temperature becomes highest at the exit side of the 
20 induction heating device, a temperature at the exit 

side of the induction heating device is used. Further, 
because the surface temperature is the heating upper 
limit, it is expressed by an inequality. However, with 
respect to the central temperature target, it is 
25 possible to designate a range as formula (36) . 

|T*-T r | ^ c (36) 
T* : central temperature value at the exit side of 
the induction heating device, T r : central temperature 
target value, c: target temperature range designated 



value 



These are the constraint conditions at the time of 
determining electric powers of the respective induction 
heating devices. Moreover, the induction heating 
device is limited in the ability thereof, this is the 
constraint condition by being expressed by formulas 
(37) and (38) . 

u(i) - u min > 0 (37) 
wherein, umin: electric power minimum value 

- u(i) + u max > 0 (38) 
wherein, umax: electric power maximum value 
Moreover, in the constraint conditions of formulas 
(34) and (35), temperatures and T-l s can be expressed 
by using heating electric powers u^, u^ of the 
induction heating devices. Namely, the constraint 
condition formulas (34) and (35) are expressed by 
the heating electric powers U]_, u^, by using 
formula ( 32 ) . 

First, formula (34) which is the heating condition 
of the equation is expressed by formulas (39) and (40) . 



T* - T r = 0 

Cn(X0*0 + X Nc + x l + — + x N^n) - T r = 0 



(39) 



(40) 



wherein, C N = [0 1 0] . 



Moreover, the constraint conditions of 



the inequality can be expressed by formulas (41) 



through (44) . 



T rS " Tis > 0 



(41) 
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Trs " fl(ui) * 0 (42) 

T r - T Ns > 0 (43) 
T r - f N (u!, ••• , u N ) > 0 (44) 
5 wherein, f (u^ ) , ■•■ , f (ui , • , ujvj) : a linear expression 

of ui # / u N 

In accordance therewith, because all of the 

objective functions and the constraint conditions are 

expressed by heating electric powers u^, u^, a 

10 sequential quadratic programming which is an optimizing 

method can be applied. By arranging the above 

description again, it becomes as follows. 

N li 

Objective function Ym(/) — minimum (/ = 1,2, 

u(i): ith induction heating device heating 
15 electric power, N: the number of the induction heating 

devices 

Equality constraint condition: T* - T r = 0, T* : 
central temperature at the exit side of the induction 
heating device, T r : central temperature target value 
20 Inequality constraint condition: 

T r " fl(ui) > 0 

T r - f N (ui, u N ) > 0 

f]_(ui): surface temperature at the exit side of 
25 the first induction heating device, T r : surface 

temperature upper limit, f n ( U N ) : surface temperature at 
the exit side of the Nth induction heating device, T r : 
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surface temperature upper limit 
" Umin > 0 
- u(i) + u max > 0 

u min : electric power minimum value, u max : electric 
power maximum value 

Provided that this problem setting is optimized by 
using the sequential quadratic programming, a minimum 
heating electric power distribution satisfying the 
temperature condition can be determined. Namely, 
targets of a surface temperature and an internal 
temperature at the time of heating can be achieved by 
the minimum required electric power. 

Next, a method for determining a conveying speed 
and electric power, which is the setting calculating 
function, will be described. 

<1> Preliminary processing method 

FIG. 7 is a block diagram of a system achieving 
the preliminary processing method. Because the 
structure of the manufacturing line of the steel 
product is the same as the above-described structure, 
the structure is denoted by the same reference numerals 
and detailed description thereof will be described. 

Data relating to the steel product 1 for which 
manufacture is planned is transmitted from a production 
management computer 13 to a preliminary processing 
computing device 14. The data are the size (the width, 
the thickness, the length) of the steel product 1, 
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heating method, a heating target temperature, or the 
like. Here, the preliminary processing computing 
device 14 is provided in the control device 10. 

The preliminary processing computing device 14 
5 determines a conveying speed, the number of passes, and 

electric power at the time of heating on the basis of 
the data. Further, the determined conveying speed is 
outputted to a conveying speed setting device 15, 
and the determined electric power is outputted to 
10 an electric power supply device 12. 

Here, as the methods for determining a conveying 
speed, there are a method for extracting it from 
a table, and a method by a convergence calculation. 

a. Method in which a conveying speed is extracted 
15 from a table 

FIG. 8 is a view showing a correspondence table of 
the size, the conveying speeds, and the numbers of 
passes of the steel product. 

The preliminary processing computing device 14 
20 extracts a conveying speed and the number of passes in 

accordance with the width, the thickness, and 
the length which are the size of the steel product. 
Note that, when a value of data does not agree with 
an item value in the table, it is determined by 
25 interpolating the front and the rear values in the 

table . 

Further, the table may be structured such that 

i 
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a conveying speed and the number of passes are 
extracted on the basis of at least one of data among 
the width, the thickness, and the length which are the 
size of the steel product. 
5 b. Method for determining a conveying speed by 

a convergence calculation 

FIG. 9 is a flowchart showing the schematic 
procedures for determining a conveying speed by 
a convergence calculation. In this method, there is 
10 the feature in the point that the conveying speed is 

determined such that the time required for the heat 
treatment is made to be the shortest among the heating 
electric powers satisfying the condition of the heating 
temperature . 

15 Note that, when the steel product 1 is heated by 

being reciprocated through the induction heating device 
group plural times, it is possible to set a conveying 
speed for each pass. Accordingly, the conveying speed 
is defined by the following formula. 
2 0 V0= [V01, V02, V03, •••,V0n] 

wherein, V0 : conveying speed initial value 
VOi (i = 1 - n) : ith pass conveying speed initial value 

At step S20, an initial value is set as the 
conveying speed. Here, the initial value V0 may be an 
25 arbitrary value, and may be determined on the basis of 

an actual resulted value. 

At step S21, heating electric power is determined 



due to the electric power computing shown in FIGS. 5 
and 6 being carried out by using the conveying speed* 
At step S22, it is examined whether or not the 
temperature after heating the steel product 1 satisfies 
the constraint condition under this heating condition. 
The constraint condition is the same as the temperature 
judging conditions at step S3 of FIG. 5 and step S13 of 
FIG. 6, and is the condition for examining whether or 
not the surface temperature and the internal 
temperature of the steel product 1 are each within a 
predetermined temperature range. 

In the case of Yes at step S22, i.e., when the 
constraint condition is satisfied, because it means 
that the electric power computing is appropriately 
executed, there is some possibility that appropriate 
electric energy is required even if it is the condition 
in which a conveying speed is made fast. Accordingly, 
at step S23, the conveying speed is made fast -by a 
predetermined amount. Note that the conveying speed 
may be made fast by a predetermined ratio, and not by a 
predetermined amount. Further, the conveying speed may 
be increased on the basis of a function which was 
determined in advance. 

At step S24, electric power computing is carried 
out again by using the increased conveying speed, and 
at step S25, it is examined whether or not the 
temperature after heating the steel product 1 satisfies 



- 37 - 



the constraint condition. In the case of Yes at step 
S25, i.e., when the constraint condition is satisfied, 
steps S23 through S25 are further repeated. In 
accordance therewith, even faster conveying speed can 
be set. 

In the case of No at step S25, i.e., when the 
constraint condition is not satisfied, the processing 
from step S2 6 in which the conveying speed is reduced 
and which will be described later, are executed. 
However, the routine does not proceed to this 
processing, and the conveying speed satisfying the 
constraint condition which was used for the previous 
calculation, may be used. 

In the case of No at step S22, i.e., when the 
surface temperature and the internal temperature of the 
steel product 1 are each not within the predetermined 
temperatures, it means that the electric power 
computing was not correctly executed. Here, the case 
in which the electric power computing is not correctly 
executed is a case in which the temperature of the 
steel product 1 becomes low because the conveying speed 
is too fast. This is because, when the temperature of 
the steel product 1 is high, because it is possible to 
reduce the temperature due to the electric energy being 
reduced, the electric energy amount can be always 
determined. 

Accordingly, in this case, because heating of 
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the temperature of the steel product 1 is insufficient, 
at step S2 6, the conveying speed is made slow by 
a predetermined amount. Note that the conveying speed 
may be reduced by a predetermined ratio, not by 
5 a predetermined amount. Further, the conveying speed 

may be reduced on the basis of a relational expression 
or a function which was determined in advance. 

Further, at step S27, electric power computing is 
carried out again by using the reduced conveying speed, 

10 and at step S28, it is examined whether or not the 

temperature after heating the steel product 1 satisfies 
the constraint condition. 

In the case of No at step S28, i.e., when the 
constraint condition is not satisfied, steps S26 

15 through S28 are further repeated. In the case of Yes 

at step S28, i.e., when the constraint condition is 
satisfied, at step S29, this conveying speed is used. 

In accordance with the present method, a heating 
condition in which a conveying speed is the fastest, 

20 among the electric powers satisfying the predetermined 

constraint condition, can be obtained as the final 
result. Accordingly, a heat treatment condition in 
which a processing time becomes the shortest can be 
determined. 

25 Note that, in the present method, the convergence 

calculation is carried out in accordance with the 
conveying speed initial value. However, the electric 
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power computing may be carried out on the basis of a 
plurality of conveying speed values, and the fastest 
conveying speed may be determined among the conveying 
speeds satisfying the constraint condition. Further, a 
5 conveying speed corresponding to the data of the steel 

product 1 to be heated may be calculated by an interior 
division point method, on the basis of the combinations 
of the past conveying speed resulted value and the data 
(for example, the thickness, the width, or the like) of 

10 the steel product 1. 

Further, heating electric power is determined due 
to the above-described electric power setting 
calculation being carried out on the basis of the 
conveying speed determined here. Further, heating of 

15 the steel product 1 is executed due to the determined 

heating electric power being transmitted to the 
electric power supply device 12, and due to the 
conveying speed being transmitted to the conveying 
speed setting device 15. 

20 Next, a method for determining an influence 

coefficient of the conveying speed when the heating 
start temperature and the heating target temperature 
are changed, will be described. 

FIG. 10 is a flowchart showing the procedure for 

25 determining an influence coefficient when the heating 

start temperature is changed. In accordance with this 
procedure, given that the heating start temperature is 
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Ti, and the changed amount of the heating start 
temperature is ATi, and when the heating start 
temperature is Ti + ATi, a coefficient expressing by 
how much the conveying speed determined in the above 
description should be changed, is determined. 

This procedure is the same as the procedure for 
determining the conveying speed which was shown in 
FIG . 9. The processing is started given that the 
influence coefficient is 1, and the influence 
coefficient is adjusted so as to be able to be heated 
and such that the processing time is made shortest. 

Provided that the value of the influence 
coefficient determined in this way is q, a conveying 
speed v' when the actual heating start temperature is 
Ti + AT, is determined by formula (45) . 



In the same way, a speed changing coefficient when 
the heating target temperature is changed is determined 
as well. 

FIG. 11 is a flowchart showing the procedure for 
determining an influence coefficient when the heating 
target temperature is changed. In accordance with this 
procedure, given that the heating target temperature is 
Tr, and the changed amount of the heating target 
temperature is ATr, and when the heating target 
temperature is Tr + ATr, a coefficient expressing by 




(45) 



i 
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how much the conveying speed determined in the above 
description should be changed, is determined. 

This procedure is the same as the procedure for 
determining the conveying speed which was shown in 
5 FIG, 9. The processing is started given that 

the influence coefficient is 1, and the influence 
coefficient is adjusted so as to be able to be heated 
and such that the processing time is made shortest. 

Given that the value of the influence coefficient 
10 determined in this way is q, a conveying speed v' when 

the actual heating start temperature is Tr + AT is 
determined by the following formula (4 6) . 

v ' = { (q_1) ^ + 1 } v (46) 

15 Note that the influence coefficient is used in the 

<2> Correction processing method and the <3> 
Combination processing method which will be described 
later . 

<2> Correction processing method 
20 FIG. 12 is a diagram showing a structure of 

a system relating to the correction processing method. 
Because the structure of the manufacturing line of 
the steel product is the same as the above-described 
structure, the structure is denoted by the same 
25 reference numerals and detailed description thereof 

will be omitted. 

The present processing is processing in which 
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a heating start temperature of the steel product 1 
after accelerated cooling is actually measured, and 
determination of the conveying speed and a calculation 
of the heating electric power are carried out in 
5 accordance with the temperature. 

This is carried out in accordance with the 
following procedures. 

(i) Acquirement of the heating start temperature 
and determination of the heating target temperature 

10 The heating start temperature of the steel product 

1 is determined by actual measurement. Further, a 
correction processing computing device 16 determines 
the heating target temperature on the basis of the data 
from the production management computer 13. 

15 (ii) Determination of the conveying speed 

Next, the conveying speed is determined. The 
conveying speed can be determined due to the table 
values shown in FIG. 8 being interpolated. Further, 
when the conveying speed obtained by the method which 

20 was described in the b. convergence calculation, is 

used, the conveying speed is determined by being 
corrected by using formula (45) or formula (46) on the 
basis of the actually measured result of the heating 
start temperature. 

25 (iii) Calculation of the heating electric powers 

at the front end portion and the tail end portion of 
the steel product 
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Because the heating electric powers at the front 
end portion and the tail end portion are different from 
each other, in accordance with the above-described 
method, i.e., the procedure for determining electric 
5 power shown in FIGS. 4 through 6, the heating electric 

powers at the front end portion and the tail end 
portion are each computed. 

(iv) Calculation of arrival temperatures at the 
front end portion and the tail end portion of the steel 

10 product in the respective induction heating devices 

Moreover, the arrival temperatures at the entrance 
sides and the exit sides of the respective induction 
heating devices in the case of being heated by this 
electric power are stored with respect to the front end 

15 and the tail end. These arrival temperatures are 

target values at the time of carrying out the FF and FB 
controls . 

(v) Interpolation of electric power and 
temperature 

20 Further, the heating electric power and the 

arrival temperature of the intermediate portion of the 
steel product are determined by interpolating the 
heating electric powers and the arrival temperatures at 
the front end portion and the tail end portion which 
25 were already determined. 

<3> Combination processing method 

FIG. 13 is a diagram showing a structure of 
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a system relating to the combination processing method. 
Because the structure of the manufacturing line of the 
steel product is the same as the above-described 
structure, the structure is denoted by the same 
5 reference numerals and detailed description thereof 

will be omitted. 

First, the preliminary processing computing 
device 14 executes the preliminary processing method. 
Namely, the conveying speed and the electric power 
10 are determined on the basis of the predetermined 

heating start temperature of the steel product 1. 
The determined conveying speed and electric power are 
transmitted to the correction processing computing 
device 16. 

15 On the other hand, the temperature detector 7 

actually measures a heating start temperature, before 
the induction heating device, of the steel product 1 
after the process of cooling is completed. Further, 
this actually measured temperature is inputted to the 

20 correction processing computing device 16. 

When the actually measured heating start 
temperature is close to the heating predetermined 
temperature, for example, when formula (47) is formed, 
heating is carried out in accordance with the conveying 

25 speed and the heating electric power which were 

determined by the preliminary processing. 

| TrO - Trl | < = a (47) 



i 
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TrO: predetermined heating start temperature, Trl : 
heating start actually measured temperature, a is 
a predetermined value, for example, 10°C 

On the other hand, when formula (48) is formed, 
5 the correction processing computing device 16 carries 

out the above-descried correcting calculation, and 
corrects the conveying speed, and determines the 
heating electric power by an electric power setting 
calculation given that the corrected conveying speed is 
10 a new conveying speed. 

|TrO - Trl | > a (48) 
The conveying speed and the electric power which 
were determined in this way are respectively 
transmitted to the conveying speed setting device 15 
15 and the electric power supply device 12, and heating of 

the steel product 1 is carried out. 

In this way, due to the preliminary processing and 
the correction processing being combined with each 
other, heating can be carried out by using efficient 
20 and appropriate conveying speed and heating electric 

power . 

II. Tracking processing function 

In this processing, the steel product 1 is divided 
into imaginary blocks in the longitudinal direction, 
25 and electric power setting, the FF control, and the FB 

control are carried out for each block. FIG. 14 is a 
diagram for explanation of the operation of the 
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tracking processing. 

Electric power setting values of the respective 
blocks of the steel product are determined in 
accordance with the heating electric power, at 
5 the front end portion and the tail end portion of 

the steel product 1, which were determined in advance. 
With respect to the jth induction heating device, given 
that the setting electric power at the front end 
portion of the steel product 1 is u^d, j), and 
10 the setting electric power at the tail end portion is 

(N, j ) , the setting electric power at the 
intermediate portion is expressed by formula (49) . 

u b (i. i) = "b(N, 3) - u b (l, j) (49) 

(N - 1) 

15 In the same way, the target temperature at the 

intermediate portion is expressed by formula (50) . 

Tr(i , j} = Tr(N, J) - Tr(l, j) ( . _ l} + ^ j} (5Q) 
(N - 1) 

In the tracking processing, a current position of 
20 the steel product 1 is estimated at any time on the 

basis of a rotational speed signal inputted from a 
conveyance roll and a temperature detection signal of 
the temperature detector 7. Further, at the point in 
time when the corresponding blocks of the steel 
25 product 1 are put into the respective induction heating 

devices 6, electric powers corresponding to the blocks 
are outputted to the respective induction heating 
devices 6. 
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III. Heating electric power correcting function 
(the FF control and the FB control) 

At the time of carrying out temperature estimation 
and electric power setting by using numerical formula 
5 models as described above, there are cases in which 

an error arises in the temperature due to an error in 
the numerical formula. Therefore, electric power is 
corrected by the actually measured temperatures of the 
steel product 1 which were measured at the temperature 
10 detectors 7 provided at the entrance side and the exit 

side of the induction heating device. 

FIGS. 15 and 16 are diagrams showing structures of 
the FF control. An FF control electric power computing 
device 18 corrects electric power on the basis of a 
15 measurement signal of the temperature detector 7 

provided at the entrance side of each induction heating 
device 6. 

An electric power correction value of the jth 
induction heating device at the ith portion from 
20 the front end of the steel product 1 is provided by 

formula (51) . 

u f f (i, j) = G(Tr(i, j) - Tm(i, j)) x dPdt (51) 
wherein, Uff(i, j): correction electric power, 
25 G: gain, Tr(i,j): target temperature, Tm(i, j): 

measured temperature, dPdt : electric power temperature 
influence coefficient . 

Note that the FF control electric power computing 
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device 18 may be provided for each induction heating 
device 6, or all of the induction heating devices 6 may 
be collectively controlled by the one FF control 
electric power computing device 18, 
5 FIGS* 17 and 18 are diagrams showing structures of 

the FB control. An FB control electric power computing 
device 19 corrects electric power on the basis of 
a measurement signal of the temperature detector 7 
provided at the exit side of each induction heating 
10 device 6. The electric power correction value is 

determined by formula (52) . 

UfbCU j) 

= [Gp(Tdr(i, j) - Tdm(i, j)) + J Gi(Tdr(i, j) - Tdm(i, j))] x dPdt 

(52) 

15 wherein, Uf^ti, j): correction electric power, 

Gp: gain, Gi : gain, Tr(i,j): target temperature, 
Tm(i, j): measured temperature, dPdt: electric power 
temperature influence coefficient. 

Note that the FB control electric power computing 

20 device 19 may be provided for each induction heating 

device 6, and all of the induction heating devices 6 
may be collectively controlled by the one FB control 
electric power computing device 19. 

Moreover, it is effective to successively estimate 

25 a heating efficiency which will be described later, and 

to reflect to the results of the FF control and the FB 
control. The heating correction electric powers of 
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this case are each 

Uff = PG(Tr(i, j) - Tm(i, j)) x dPdt (53) 

^fb(^ d) 

= p[cp(Tr(i, j) - Tm(i, j)) + { Gi(Tr(i, j) - Tm(i, j))] x dPdt 

(54) 

wherein, 0: heating efficiency correction 
coefficient . 

In this way, due to the correction being carried 
10 out by the measured temperature by the temperature 

detectors 7 provided before and behind the induction 
heating device 6, a temperature control accuracy can be 
improved. 

IV. Model learning function 
15 FIG. 19 is a diagram for explanation of the whole 

of a learning function. The present model learning 
function has the following three learning functions. 

<1> Learning of heating efficiency in which a 
heating efficiency of the induction heating device 6 is 
20 estimated 

<2> Air-cooling learning in which a temperature 
falling amount by air-cooling is estimated 

<3> A temperature falling estimated amount at a 
correctional device and model learning in which a 
25 temperature falling amount in the correctional device 5 

is estimated 

Hereinafter, these learning methods will be 
described. 
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<1> Learning of heating efficiency 
It is supposed that distances of section 1, 
section 2, and section 3 in FIG. 2 are respectively 11, 
12, and 13, and passing speeds of the respective 
sections are respectively vl, v2, and v3 . Further, a 
temperature distribution x (k) of the steel product 1 
is defined by the following formula. 



<(k) = 



*3,k 
*2,k 
x l,k 



A temperature at the tail end of section 1 is 
expressed by formula (56) . 

nl = 11 / (vl x dt) (55) 



nl 

x(k + nl) = A n lx(k) + ]T A i_1 F 

i = l 



(56) 



Given that the electric energy at the induction 
heating device 6 is u^, a temperature at the tail end 
of section 2 is expressed by formula (58) . 

n2 = 12 / (v2 x dt) (57) 

nl + n2 n2 
x(k + nl + n2) = A nl + n2 x(k) + £ A^ - ^-F + p £ Ai-iBub 

i=i i-1 

(58) 

Moreover, a temperature at the tail end of 
section 3 is expressed by formula (61). 

n3 = 12 / (v3 x dt) (59) 
N = nl + n2 + n3 (60) 
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N n2 
x(k + N) = A N x(k) + £ Ai-!F + pA n3 £ Ai^Bu^ 

i=l i-1 

(61) 

Because it suffices that u^ is determined such 
that this becomes equal to the target temperature T r , 
5 formula (62) relating to learning is determined, 

T r = c x x(k + N) (62) 
Due to learning formula (62), the electric energy 
supplied to the induction heating device 6 for being 
heating to the target temperature T r is provided by 
10 formula (63) . 



u b = 



N 



- c x A N x(k) -Cx^Ai-iF 
i = l 



f n2 ^ 

/ pc x An3 £ A ±-1 B 

i-1 



(63) 

However, due to loss in electric power at the 
15 induction heating device 6, or heating loss when the 

supplied electric energy rises a temperature of the 
steel product 1, or the like, even if the electric 
energy provided by formula (63) is supplied to the 
induction heating device 6, there are a large number of 
20 cases in which the temperature rising amount of the 

steel product 1 does not arrive the target temperature 
rising amount . 

Therefore, a heating efficiency in which the 
supplied electric energy affects on the temperature 
25 rise of the steel product 1 is calculated due to an 

actual temperature rising amount being determined, and 



- 52 - 



considering of the heating efficiency of the induction 
heating device 6, the supplied electric energy for 
obtaining the target temperature rising amount is 
calculated. 

5 A time in which a portion at which there is 

a material to be heated passes between the temperature 
detectors is determined in accordance with the 
conveying speed of the steel product 1 and the setting 
interval of the temperature detectors 7 provided at the 

10 entrance side and the exit side of the induction 

heating device 6. 

As shown in FIG. 2, given that moving speeds at 
section 1, section 2, and section 3 of the ith portion 
from the front end are respectively vl (i) , v2(i), and 

15 v3(i), the passage time between the temperature 

detectors is determined by the following formula (64). 
t b (i) = 11 / vl(i) + 12 / v2(i) + 13 / v3(i) (64) 
wherein, t]o(i): passage time between the 
temperature detectors 

2 0 Accordingly, at the temperature detectors 7 at the 

entrance side and the exit side of the induction 
heating device 6, temperatures at the same position of 
the steel product 1 are detected with time difference 
tb(i). Further, the temperature difference detected by 

25 the temperature detectors 7 at that time is the actual 

temperature rising amount of the steel product 1. 
Moreover, due to the detections of the temperature 
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detectors 7 being periodically carried out, the 
temperature rising amount of the entire steel product 1 
can be detected. 

Note that given that the detected temperatures of 
the ith section from the front end of the steel product 
1 is T^ifi) , and it is assumed that the temperature 
distribution at the entrance side temperature detector 
position is uniform. 



x(k, i) = 



Tbi(i) 
Tbi(i) 
Tbi(i) 



(65) 



Wherein, Tbi(iJ : detected temperature of the ith 
section from the front end of the material to be 
heated, x(k, i) : temperature of the ith section from 
the front end of the material to be heated at time k 

In formula (30), given that an ith efficiency is 
P(i), and when the supplied electric energy u^ti) is 
provided, a temperature Tk 0 (i) at the exit side 
temperature detector position becomes formula (66). 



TboW = c x 



N n2 
A N x(k, i) + X a± ~ 1f + P(i)^ n3 2 A i - 1 Bu b (i) 
i=l i-1 



(66) 

The heating efficiency is a ratio of the electric 
energy actually used for heating among the provided 
electric energy, and is expressed by formula (67) due 
to formula (66) being modified. 
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P(i) = 



N 



Tbo(i) - c x A N x(k, i) - c x X Ai-iF 



( n2 



/ 



c x An3 ^ Ai"lBu b (i) 



i = l ; V i-l 

(67) 

Wherein, 3(i): heating efficiency, uj 0 (i): electric 
energy supplied to the heating device 

Further, by using the estimated heating 
efficiency, electric energy supplied to the following 
induction heating device 6 is provided by the following 
formula ( 68 ) . 



u b (i) = 



N 

Tbo(i) - c x A N x(k, i) - c x £ A^-If 

i = l 



/ 



n2 

p(i)c x An3 ^ A i"lBu b (i) 
i-l 



(68) 

The control device 10 of FIG. 2 periodically 
carries out the above-described calculation, and 
provides it as the target electric energy to the 
induction heating device 6. 

Namely, a heating efficiency is estimated due to 
measurements at the temperature detectors 7 being 
periodically carried out. Further, the estimated 
result of the heating efficiency is reflected to the 
inputting electric power calculation at the induction 
heating device 6 through which the current steel 
product 1 passes next time. In accordance therewith, 
an accuracy in the temperature control of the steel 
product 1 can be improved. 

Further, the efficiency P(i) determined above can 
be used at the time of calculating inputting electric 
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power of the next block at the induction heating 
device. Namely, the heating efficiency and the 
inputting electric power are expressed by the following 
formulas (69) and (70) . 



f 



P(i) = 



N 

Tbo(i) - c x AN x (k, i) - c x ^ Ai-lF 

i=l 



u b (i) = 



N 



T^i) - c x AN x (k, i) - c x £ Ai-lF 

i=i ; 



n2 

/ c x A*3 £ Ai-lBu b (i) 
i-1 

(69) 

( n2 ^ 

/ p(i)c x An3 ^ A i-lBu b (i) 

i-1 



10 (70) 
Because efficiency estimation considering the 
temperature distribution of the steel product 1 is 
carried out, and the result thereof is reflected to the 
next block, an accuracy in the temperature control can 
15 be improved. 

<2> Air-cooling learning 

Learning of heat transfer calculation of a steel 
product is carried out due to an amount of released 
heat due to convection with the atmosphere or heat 

20 transfer being estimated in the temperature estimating 

calculation shown in formula (9) . 

As shown in formula (71), it is supposed that Q' 
in which an adjustment factor y is multiplied by an 
amount of heat Q is the amount of released heat of the 

25 atmosphere. A temperature calculation is carried out 

while changing the adjustment factor y, and 
a convergence calculation is carried out such that 
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the measured temperature and the estimated temperature 
are close to each another. 

Q f = YQ (71) 
It can be considered that y is stored by being 
5 categorized in accordance with the size of a steel 

product or the steel types. 

<3> A temperature falling amount estimation at the 
correctional device and model learning 

A temperature falling amount at the correctional 
10 device 5 can be determined by formula (72) by 

considering releasing of heat by a roll of the 
correctional device 5, releasing of heat by the 
atmosphere in the correctional device, and releasing of 
heat by cooling water. 
15 T L = AT R + AT A + AT W (72) 

Tl: temperature falling amount estimated 
value at the correctional device 

AT R : contacting releasing of heat by roll, 
AT^: cooling by the atmosphere, AT W : cooling by water 
20 cooling 

Moreover, respective terms of releasing of heat 
are expressed by formulas (73) through (76) . 

AT R = h R (T s -T R )/V^t R (73) 
T R = L R / v (74) 
25 h R : roll heat transfer coefficient, T s : steel 

product surface temperature, T R : roll surface 
temperature 
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tr: roll contacting time, L R : roll 
contacting distance, v: conveying speed 

AT A = h A (T A - T s ) (75) 

AT A : temperature cooled by the atmosphere 
5 h A : heat transfer coefficient of the 

atmosphere, T A : atmospheric temperature 

AT W = h w (T w - T s ) (76) 

AT W : temperature cooled by water cooling 
h w : heat transmissibility of water cooling, 
10 T^: cooling water temperature 

However, with respect to these temperature 
estimated values, effects due to secular changes such 
as errors in measurement accompanying actual 
measurement, wear of the roll, the state of application 
15 of cooling water, or the like, are great. Then, these 

estimated formulas are corrected by using the 
temperatures resulted, before and behind the 
correctional device 5. The correction formula is 
provided by formula (77) . 
20 T L = aT L (77) 

T L : corrected temperature falling amount at 
the correctional device, a: adjustment factor 
The adjustment factor a is determined by 
formula (78) . 

25 a = (T L - T A - %)/(t 0 - t x ) (78) 

tg: correctional device entrance side 
temperature, t^: correctional device exit side 
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temperature 

Provided that the adjustment factor determined by 
formula (78) is used, the error in the temperature 
estimated formula of the correctional device 5 can be 
corrected, and the secular change in the temperature 
falling amount can be corrected. 

The adjustment factor a determined in this way is 
used at the time of determining heating electric power 
after the next material. Further, the adjustment 
factors a are stored by being categorized by the 
thickness, the width, the temperature rising amount of 
the steel product 1, and can be used for a steel 
product having the same heating condition, after the 
next material. 

In accordance with the present invention, a heat 
treatment in which a surface temperature and an 
internal temperature of a steel product are high- 
accurately made consistent with targets, and the steel 
product has the target characteristics, can be carried 
out . 



